Abbreviations: ROS, reactive oxygen species; PI, propidium iodide; trolox, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid; NTA, nitrilotriacetic acid; MTT, 3 [4,5-dimethylthiazol-2-yl] 2,5-diphenyltetrazolium bromide; DMSO, dimethyl sulfoxide; LDH, lactate dehydrogenase; TBARS, thiobarbituric acid reactive substances; αT, α-tocopherol; AA, arachidonic acid; TMB-8, 3,4,5-trimethoxybenzoic acid 8- , reflecting a role for the influx of extracellular Ca 2+ in the toxicity. Reactive oxygen production was similar in media with or without calcium, indicating that calcium was not modulating CYP2E1-dependent oxidative stress. Toxicity, lipid peroxidation, and the increase of Ca 2+ in E47 cells exposed to Fe/AA were inhibited by α-tocopherol. E47 cells (but not C34 cells) exposed to Fe/AA showed increased calpain activity in situ (40-fold).
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SUMMARY
The objective of this work was to investigate if CYP2E1-and oxidative stressdependent toxicity in HepG2 cells is mediated by an increase of cytosolic Ca 2+ , and activation of Ca , reflecting a role for the influx of extracellular Ca 2+ in the toxicity. Reactive oxygen production was similar in media with or without calcium, indicating that calcium was not modulating CYP2E1-dependent oxidative stress. Toxicity, lipid peroxidation, and the increase of Ca 2+ in E47 cells exposed to Fe/AA were inhibited by α-tocopherol. E47 cells (but not C34 cells) exposed to Fe/AA showed increased calpain activity in situ (40-fold).
The toxicity in E47 cells mirrorred calpain activation and was inhibited by calpeptin, suggesting that calpain activation plays a causal role in toxicity. These results suggest that CYP2E1-dependent toxicity in this model depends on the activation of lipid peroxidation, followed by an increased influx of extracellular Ca 2+ and activation of Ca 
INTRODUCTION
According to the calcium hypothesis of cell injury, a perturbation of intracellular Ca 2+ homeostasis leading to a sustained increase in cytosolic Ca 2+ is an early and critical event in the development of toxicity in hepatocytes exposed to oxidative stress, causing the ultimate loss of cell viability through activation of various Ca 2+ -dependent processes (1, 2) . Increases of [Ca 2+ ] i can result from an influx of Ca 2+ from the extracellular medium, redistribution of Ca 2+ from intracellular stores, or both influx and redistribution.
Increases in [Ca
2+
] i from any source often lead to changes in other fluxes because of activation of phospholipases and proteases (3) . Calcium influx in nonexcitable cells occurs through Ca
-selective channels activated secondarily to store depletion and/or through receptor-or second messenger-operated channels, along a decreasing electrochemical gradient (4) . Other Ca 2+ transport systems which can be activated by oxidative stress, include non-selective cation channels and the reverse mode of operation of the Na + /Ca 2+ exchanger (5, 6) .
Although intracellular calcium has been suggested to play a role in the oxidative damage of hepatocytes, the effects and source of the oxidative stress-induced intracellular Ca 2+ increase are currently debatable (6) . Treatment of liver cells with several oxidative stress-inducer drugs increase [Ca 2+ ] i and produce cell toxicity through necrosis and/or apoptosis depending on the degree of exposure (dose and duration) (2) . The initial source of Ca 2+ depends on the specific oxidant and cell type employed, as certain toxins cause calcium release from intracellular stores (5, 7), while others cause Ca 2+ influx from the extracellular space (6, 8) . Elevated calcium may initiate a cascade of signalling leading to by guest on October 30, 2017 http://www.jbc.org/ Downloaded from 5 activation of phospholipases A2 and C, endonucleases or proteases (7, (9) (10) (11) , and the expression of several immediate-early genes including c-fos, c-jun, c-myc and egr-1 (3).
Inhibitors of calcium-dependent proteases and phospholipases can preserve cell viability in anoxic and hypoxic injury in hepatocytes (12) .
In contrast to the above, increases of [Ca 2+ ]i may not be essential in all forms of hepatocyte injury, e.g. toxicity by the redox cycling drug naphthazarin was mediated through lysosomal damage and prevented by inhibition of lipid peroxidation and chelation of intralysosomal Fe (13) . Hydrogen peroxide-induced cell death in rat hepatocytes was not dependent upon an increase in calcium, but was blocked by deferoxamine (14) . A Ca
-independent, iron-mediated mechanism of prooxidant induced cytotoxicity has been proposed (14) . Some reports suggest that both calcium-dependent and calcium-independent events contribute to the cell toxicity (15) : an influx of extracellular Ca 2+ ions may aggravate the mechanism of iron-mediated cell injury (16); H 2 O 2 toxicity in L929 cells could be switched from a calcium-mediated (in the absence of glucose) to an iron-mediated (in the presence of glucose) process (17) .
Reactive oxygen species (ROS) are involved in mechanisms of early alcoholinduced liver injury. CYP2E1 is induced in hepatocytes by ethanol, and is one source of ROS leading to liver injury (18) . The role of [Ca 2+ ] i in ethanol-induced liver cell injury remains to be defined. Ethanol administration in vivo increases the calcium content in the liver of rats and mice, and this effect was enhanced by glutathione depletion, or coadministration of iron, suggesting a synergism between ethanol and these agents (19, 20) .
The rise in liver cell calcium content may contribute to the cell injury process associated with toxic agents or it may be a relatively late consequence of cell injury (21). 6 To evaluate biochemical and toxicological properties of CYP2E1, HepG2 cell lines overexpressing human CYP2E1 were previously established (22, 23) . Ethanol, iron, or polyunsaturated fatty acids such as arachidonic acid were toxic to the cells expressing CYP2E1, but not to control HepG2 cells (24) (25) (26) . We recently described a synergistic toxicity in CYP2E1-expressing cells caused by the combined addition of iron plus arachidonic acid (27 Cytotoxicity measurements: 3 x 10 4 cells were plated onto 24 well plates and after the corresponding treatment, the medium was removed, and cell viability was evaluated by the MTT test as previously described (27) . The absorbance of the formazan produced was measured at a wavelength of 570 nm with background substraction at 630 nm (28) .
Viability was expressed as (100 x (∆A 570-630 sample/ ∆A 570-630 control)). Control refers to incubations in the absence of arachidonic acid and Fe-NTA, and was considered as the 100% viability value. Another index of cytotoxicity used was the leakage of lactate dehydrogenase. At the end of the treatment 1 mL of the medium was collected to measure LDH activity released into the medium (LDH out) using the Sigma LDH-20 diagnostic kit. Cells were washed with PBS, harvested by scraping in 1.0 mL of PBS, and sonicated (20 s, duty cycle 40%, output control 50%). The cellular suspension was centrifuged, and the supernatant was assayed for LDH activity (LDH in). Cytotoxicity was expressed as % LDH release: (100 x (LDHout/LDH out+LDH in)). Cell morphology was also assessed 
Lipid peroxidation assay:
The production of thiobarbituric acid-reactive substances (TBARS) was assayed as previously described (27) . The protein concentration of the cell suspension was determined using a protein assay kit based on the Lowry assay (BioRad DC kit). The concentration of MDA was calculated from a standard curve prepared using malonaldehyde bisdimethylacetal (30) . CYP2E1 activity: CYP2E1 activity was measured in microsomes derived from E47 cells, and in liver microsomes from acetone-treated rats (1% acetone v/v in the drinking H 2 O for 7 to 10 days), by the spectrophotometric analysis of p-nitrophenol hydroxylation as described in (22) . Microsomes from rat liver were employed in an in vitro test for the possible inhibitory activity of flufenamic acid or calpeptin on CYP2E1 catalytic activity.
In this case, the drugs were preincubated for 10 min at 37ºC with the microsomal suspension, prior to initiating the reaction by the addition of 0.4 mM p-nitrophenol and 1
mM NADPH. The compounds tested did not interfere with the quantification of 4-nitrocatechol in the standard curve at the concentrations employed. Figure 1A shows that the combination of 25 µM Fe-NTA and 5 µM arachidonic acid was highly toxic in HepG2 cells overexpressing CYP2E1 (E47 cells, 31% viability at 12h) with respect to cells not expressing detectable activity of CYP2E1 (C34 cells, 75%
RESULTS
CYP2E1-dependent toxicity in HepG2 cells exposed to iron plus arachidonic acid:
viability at 12 h). The toxicity in E47 cells was evident starting from early incubation times (i.e. 3h, 62% viability), while no significant toxicity could be detected in C34 cells exposed to Fe plus arachidonic acid at early times ( Figure 1A ). Arachidonic acid (up to 10 µM) or Fe-NTA (up to 100 µM) by itself (at time=6h) was not significantly toxic in 
Effect of extracellular calcium omission on the toxicity of iron and arachidonic acid:
The omission of extracellular calcium in the last incubation step was accomplished by working with S-MEM medium lacking fetal bovine serum. The omission of extracellular calcium was not toxic by itself in non-treated E47 cells ( Figure 3A -MTT assay; Figure   3B -LDH release, open circles). The omission of extracellular calcium, however, significantly decreased the toxicity of Fe plus arachidonic acid in E47 cells ( Figure 3A and B, open squares vs closed squares). For example, AA plus Fe-NTA produced strong toxicity after 6h of incubation in MEM exps medium, but not in Ca The greater toxicity by AA plus Fe-NTA in MEM than S-MEM media, presumably reflects a requirement for Ca 2+ in the overall toxicity pathway. To validate that these differences were indeed due to the absence of Ca 2+ in S-MEM, Ca 2+ was added back to S-MEM and toxicity of AA plus Fe-NTA determined. The addition of up to 0.4 mM Ca 2+ had no effect on the viability of E47 cells in S-MEM in the absence of AA plus Fe-NTA.
However, Ca 2+ in a concentration-dependent manner restored the toxicity of AA plus Fe-NTA ( Figure 4 ). The toxicity when 0.4 mM Ca 2+ was added to the S-MEM began to approach the toxicity found in MEM medium, which contains 1.8 mM Ca 2+ ( Figure 4 ).
Adding Ca 2+ to S-MEM at concentrations greater than 0.4 mM could not be evaluated because of precipitation of the medium.
Reactive oxygen production:
The toxicity of iron and arachidonic acid in E47 cells was previously related to increased ROS generation and lipid peroxidation (27) . Experiments were designed to test whether the omission of Ca Lipid peroxidation in E47 cells exposed to Fe plus arachidonic acid for 3h in MEM increased about 3-fold with respect to control cells; this increase was similar to that in E47 cells exposed to Fe plus arachidonic acid in S-MEM (Table 1) . Preincubation of arachidonic acid loaded E47 cells with α-tocopherol prior to the 3h incubation with Fe-NTA decreased the TBARS content of the cells to basal levels ( 
Role of calcium-activated proteases in CYP2E1-dependent toxicity:
Activation of calcium-dependent proteases (calpain) is thought to play an important role in certain models of oxidative-stress induced toxicity in hepatocytes (1, 9, 10). Figure 10 shows that the toxicity of Fe plus arachidonic acid in E47 cells was significantly prevented by incubation with calpeptin ( Figure 10A ) or E64 ( Figure 10B ), two specific cell-permeable calpain inhibitors. 50 µM calpeptin did not inhibit the increase of intracellular calcium in E47 cells triggered by Fe plus arachidonic acid ( Figure 7) ; thus, calpeptin was blocking the downstream actions of calcium. The activation of calpain activity was tested using SUCC-LLVY-AMC as a specific fluorogenic substrate. Control experiments showed that a calcium ionophore (ionomycin) increased the fluorescence due to release of AMC as a consequence of the proteolysis of the SUCC-LLVY-AMC substrate and this was blocked (61%) by preincubation with calpeptin ( Figure 11A ). Calpain activation was detected in E47 cells loaded with arachidonic acid beginning after 1h of exposure to Fe-NTA ( Figure   11B ). This activation was significantly inhibited by calpeptin ( Figure 11B ). Importantly, calpain activation in E47 cells was also blocked by α-tocopherol and flufenamic acid, agents which decrease the Fe/AA toxicity, but not by TMB-8, which was not protective (Table 3) . Calpain activation (as calpeptin-inhibitable fluorescence of AMC) in C34 cells after exposure to Fe plus arachidonic acid was statistically non-significant, while in E47 cells it increased 40-fold with respect to non-treated control cells; this may reflect the smaller increase produced by Fe/AA in intracellular calcium in C34 cells compared to E47 cells (Table 3) . Analogous to experiments with flufenamic acid (Figure 9 ), calpeptin had no effect on CYP2E1 activity nor show antioxidant activity at the concentrations used (data not shown). Fe/AA toxicity in E47 cells (27) . Cleavage of Bax was mediated by calpain in apoptotic and necrotic neuronal cells (43) . Other calcium-activated enzymes such as phospholipases or endonucleases may also contribute to the developing toxicity, and activation of these enzymes, analogous to the increase in calpain activity, is under study.
The fact that calcium omission completely prevented the toxicity of Fe plus arachidonic acid in cells overexpressing CYP2E1 at early times (up to 6h), but did not prevent TBARS generation or ROS generation suggests that this toxicity is mainly calcium-dependent, but not directly due to ROS and lipid peroxidation (although ROS and lipid peroxidation are necessary for the increase in [Ca 2+ ] i , witness the protection by α-tocopherol). Toxicity did develop when calcium was omitted, but at later time periods:
e.g., 12h. This suggests that a calcium independent process (probably iron-dependent lipid peroxidation since α-tocopherol is protective) may be involved at later stages, or else calcium from intracellular stores may be related to this later toxicity.
The following model is proposed to account for these results: by guest on October 30, 2017 
